Abstract. The objective of this study was to simulate dynamically the response of a complex landscape, containing forests, savannas, and grasslands, to potential climate change. Thus, it was essential to simulate accurately the competition for light and water between trees and grasses. Accurate representation of water competition requires simulating the appropriate vertical root distribution and soil water content. The importance of different rooting depths in structuring savannas has long been debated. In simulating this complex landscape, we examined alternative hypotheses of tree and grass vertical root distribution and the importance of fire as a disturbance, as they influence savanna dynamics under historical and changing climates. MC1, a new dynamic vegetation model, was used to estimate the distribution of vegetation and associated carbon and nutrient fluxes for Wind Cave National Park, South Dakota, USA. MC1 consists of three linked modules simulating biogeography, biogeochemistry, and fire disturbance. This new tool allows us to document how changes in rooting patterns may affect production, fire frequency, and whether or not current vegetation types and life-form mixtures can be sustained at the same location or would be replaced by others. Because climate change may intensify resource deficiencies, it will probably affect allocation of resources to roots and their distribution through the soil profile. We manipulated the rooting depth of two life-forms, trees and grasses, that are competing for water. We then assessed the importance of variable rooting depth on ecosystem processes and vegetation distribution by running MC1 for historical climate (1895-1994) and a GCM-simulated future scenario . Deeply rooted trees caused higher tree productivity, lower grass productivity, and longer fire return intervals. When trees were shallowly rooted, grass productivity exceeded that of trees even if total grass biomass was only one-third to one-fourth that of trees. Deeply rooted grasses developed extensive root systems that increased N uptake and the input of litter into soil organic matter pools. Shallowly rooted grasses produced smaller soil carbon pools. Under the climate change scenario, NPP and live biomass increased for grasses and decreased for trees, and total soil organic matter decreased. Changes in the size of biogeochemical pools produced by the climate change scenario were overwhelmed by the range of responses across the four rooting configurations. Deeply rooted grasses grew larger than shallowly rooted ones, and deeply rooted trees outcompeted grasses for resources. In both historical and future scenarios, fire was required for the coexistence of trees and grasses when deep soil water was available to trees. Consistent changes in fire frequency and intensity were simulated during the climate change scenario: more fires occurred because higher temperatures resulted in decreased fuel moisture. Fire also increased in the deeply rooted grass configurations because grass biomass, which serves as a fine fuel source, was relatively high.
INTRODUCTION
Savannas, woodlands, shrublands, grasslands, and arid lands occupy between 45% and 52% of the world's Manuscript received 18 September 1998; revised 19 February 1999; accepted 23 February 1999; final version received 19 March 1999 . For reprints of this Invited Feature, see footnote 1, p. 397. vegetated land surface (Lieth 1975 , Matthews 1983 . To varying degrees, both competition for resources between woody and grass vegetation and disturbance by grazing and by fire are thought to control much of the vegetation structure in these complex landscapes. The role of vertical root distributions in structuring these complex ecosystems has long been debated. Roots of both woody and herbaceous plants are generally con-centrated in surface soil layers (Davis et al. 1983 , Jonsson et al. 1988 , Dhyani et al. 1990 , Nambiar 1990 ). However, to explain the coexistence of grasses and trees in dry savannas, Walter (1971) hypothesized that grass roots occupied shallow soil layers and appropriated rainfall infiltrating the soil surface, whereas tree roots were located deeper in the profile and used deeper soil water. This concept was used widely in the savanna-related literature (Walker and Noy-Meir 1982 , Sarmiento 1984 , Eagleson and Segarra 1985 and has been partly supported by root biomass and water use data (Knoop and Walker 1985 , Sala et al. 1989 , Lee and Lauenroth 1994 . Trees have been observed to have some deep roots (Eastham and Rose 1990 , Stone and Kalisz 1991 , Nambiar and Sands 1992 , which may make a significant contribution even if their density is low (Stone and Kalisz 1991) . Sands and Nambiar (1984) found that the impact of weeds competing for water with neighboring trees decreased as trees grew older and larger. Presumably, the trees were then reaching deep soil layers where water was available, and had become less dependent on water availability in the upper soil layers. Thus, spatial segregation of roots by competing life-forms has been proposed as a means of avoiding competition between trees and grasses while allowing their coexistence.
However, the same field results also documented widely overlapping tree and grass root distributions (Akpo 1993 , Belsky 1994 , Le Roux et al. 1995 , and Mordelet et al. 1997 . Ehleringer et al. (1991) showed that herbaceous and woody perennials were using the same water resource and could shift seasonally between possible sources at different depths in the soil profile. Shallow tree roots were reported in West African humid savannas (Lawson et al. 1968 , Menaut 1971 , Okali et al. 1973 ) and agroforestry systems, where Jonsson et al. (1988) observed competition for water between trees and intercropped maize with similar rooting patterns. In forest plantations, transpiration by understory vegetation can be large in proportion to the total (Black et al. 1980 , Roberts et al. 1980 , Price et al. 1986 , Black and Kelliher 1989 , Kelliher et al. 1990 , and the resulting depletion of soil water can cause a reduction in tree growth that can be attributed to competition for water in surface soil layers.
Ecologists have yet to agree that competition for water and the resulting root distributions are the ultimate controls on the relative densities of herbaceous and woody life-forms in savannas. Some have even proposed that savannas have been shaped more by fire and herbivores than by climate (Daubenmire 1968 , Ellenberg 1978 , Skarpe 1992 . Fire controls woody seedling establishment and young tree survival. It is promoted by grass production (fuel load) and its frequency decreases with decreasing rainfall. It enables the rapid release of nutrients from litter and biomass and promotes a postfire flush of young, N-rich grasses, which are very attractive to herbivores. Although browsers also contribute to the reduction in tree growth or even the death of young trees, grazers reduce herbaceous biomass and, thus, fuel buildup and fire frequency, promoting the replacement of grasslands by shrublands. Ellenberg (1978) argued that savannas and sparse tree environments have been created and maintained by grazers. Scholes and Walker (1993) developed the ''disturbance-induced'' coexistence hypothesis that explained how fire, herbivory, and fluctuating rainfall stabilized the precarious mixture of trees and grasses in savannas. Scholes and Archer (1997) explained that, ''since mature trees generally dominate over grasses, . . . all savannas should trend toward a woodland with a sparse understory of grasses,'' unless disturbance keeps the trees under check.
Vegetation dynamics in savannas may thus be explained by two hypotheses. (1) In Walter's (1971) hypothesis of ''niche separation by depth,'' as coined by Scholes and Archer (1997) , grasses exploit the upper soil layers, whereas trees have roots both in the upper and the deep soil layers. If there is a large enough difference between shallow and deep water resources and between tree and grass water use efficiencies, both life-forms can coexist. (2) Alternatively, disturbances such as consistent fires, clearing by humans, or grazing by herbivores may be the reason that trees and grasses can coexist Walker 1993, Le Roux et al. 1995) . Without disturbance, trees increase their cover at the grasses' expense, slowly shading the grasses and reducing their production. In arid environments, the lack of consistent deep-soil recharge will promote tree dieback and will favor grasses. Frequent and intense fires supported by a vigorous grass growth reduce forest expansion into grassland. Herbivores attracted by the expanse of grasses will contribute to reducing the fuel load and fire frequency, enabling trees to survive.
Increasing carbon dioxide atmospheric concentrations and changes in climate patterns will certainly affect the competitive interactions between grasses and trees. Impacts on water availability will be crucial to the survival or disappearance of savannas. Moreover, enhanced growth caused by release of the carbon source limitation could intensify nutrient limitations, which would affect translocation patterns and resulting rootto-shoot ratios (Allen et al. 1997 ). It will also affect water use efficiency and alter the competitive balance between trees and grasses, fuel load and fire frequency, and leaf palatability and grazing intensity.
Modeling is one of the few approaches available to test hypotheses about the role of root distribution and fire disturbance on tree and grass competition under historical and future climates. Our model MC1 includes separate vertical root distributions for trees and grasses, thus allowing us to simulate their competition for water at various depths. It also includes a dynamic fire module that estimates fuel load and moisture and simulates natural fire events. The model was built to describe the biogeochemical pools and fluxes associated with historical and future changes in global vegetation distribution due to climatic shifts and fire disturbance. It was originally based on the biogeochemical model CEN-TURY (Parton et al. 1987 (Parton et al. , 1994 ) and the biogeography model MAPSS (Neilson 1995) . However, only the biogeography rules from MAPSS were retained, whereas CENTURY's biomass and hydrology calculations were conserved and adapted to its new dynamic biogeography driver. MC1 has the advantage of including welldeveloped belowground processes, but, like many models , it is still undergoing development. MC1 simulations must be considered as provisional, awaiting further testing and validation. Many of its current limitations are presented and discussed in this paper. For this study, we limited the scope of our model applications by assuming that nitrogen was not limiting, by not including grazing, and by keeping CO 2 concentrations constant for both historical and future simulations. Our focus was on the importance of the availability of deep water resources and on the role of fire in maintaining the coexistence of trees and grasses.
This paper begins with a general description of the structure and function of MC1. Methods used to test the hypotheses about the roles of root distribution and fire disturbance on tree and grass competition under historical and future climates are then presented. Results from model simulations for historical and future conditions at Wind Cave National Park are given, followed by an interpretation of the results in light of alternative hypotheses for tree-grass coexistence. Model limitations and their possible implications for the results are also presented. The papers ends with a discussion of the potentially complex effects of future climate and CO 2 changes on tree-grass dynamics at Wind Cave National Park.
DESCRIPTION OF THE MODEL

Overview
MC1 consists of three linked modules simulating biogeography, biogeochemistry, and fire disturbance. A conceptual summary of how the modules interact is shown in Table 1 , which summarizes information passed between the modules. The main functions of the biogeography module are to (1) simulate the composition of deciduous/evergreen and needleleaved/broadleaved tree and C 3 /C 4 grass life-form mixtures; and (2) classify into different vegetation classes the simulated woody and herbaceous biomass produced by the biogeochemistry module.
The biogeochemistry module simulates monthly carbon and nutrient dynamics for a given ecosystem. Above-and belowground processes are modeled in detail, and include plant production, soil organic matter decomposition, and water and nutrient cycling. Parameterization of this module is based on the life-form composition of the ecosystems, which is updated annually by the biogeography module (Table 1) .
The fire module simulates the occurrence, behavior, and effects of severe fire. Allometric equations, keyed to the life-form composition supplied by the biogeography module, are used to convert aboveground biomass to fuel classes (Table 1) . Fire effects (i.e., plant mortality and live and dead biomass consumption) are estimated as a function of simulated fire behavior (i.e., fire spread and fire line intensity) and vegetation structure. Fire effects feed back to the biogeochemistry module to adjust levels of various carbon and nutrient pools (Table 1) . 
Biogeography
The biogeography module simulates spatial and temporal shifts in the relative dominance of individual lifeforms and changes in vegetation classification. The methods used were originally derived from the physiologically based biogeography rules defined in the MAPSS model (Neilson 1995) . However, MC1's biogeography module has evolved to more explicitly represent life-form mixtures along dynamic environmental gradients using site production information. The heart of the biogeography module is a life-form interpreter, which delineates continuous gradients of deciduous/ evergreen and needleleaf/broadleaf trees and C 3 /C 4 grass life-form mixtures as a function of climate. Information from the life-form interpreter (1) forms the basis for categorizing model output vegetation into 17 classes defined by the Vegetation-Ecosystem Modeling and Analysis Project (VEMAP members 1995); and (2) allows for dynamic parameterization of the CENTURY biogeochemistry module. The life-form interpreter and vegetation classification rule bases are presented in this section; dynamic parameterization is discussed in the biogeochemistry module section.
Life-form interpreter.-The life-form interpreter distinguishes four tree life-forms (deciduous needleleaf, DN; evergreen needleleaf, EN; deciduous broadleaf, DB; and evergreen broadleaf, EB) and two grass lifeforms (C 3 and C 4 ) as a function of climate. Shrubs are not explicitly simulated, but are considered short-statured trees. Monthly temperature and precipitation data drive the life-form simulations, which are made on an annual time step. The climatic data are smoothed before they are used by the interpreter to reduce interannual variability in life-form changes, and reflect the lags inherent to plant population dynamics. Each monthly temperature and precipitation value is smoothed with respect to that month's prior values by calculating a running mean of an exponential response curve of the following form:
where x t and y t are the current month's unsmoothed and smoothed data values, respectively; y tϪ1 is that month's smoothed value calculated for the previous year; and is the smoothing period in years. With each simulated fire event, is reset to zero and then incremented annually until the next fire event occurs. This procedure mimics the sensitivity of life-form establishment to climate soon after disturbance and the increase in the inertia of life-form composition with greater stand maturity.
Tree life-forms are distinguished in terms of leaf phenology (evergreen vs. deciduous) and leaf shape (needleleaf vs. broadleaf). An environmental gradient algorithm was developed to predict the relative dominance of tree life-forms based on the observed distribution of life-form mixtures along temperature and precipitation gradients across North America.
Heat-limited life-forms are determined through a total annual growing-degree-day (GDD) index (base 0ЊC). Thresholds are GDD Յ 50 for ice, 50 Ͻ GDD Ͻ 735 for tundra, and 735 Յ GDD Ͻ 1330 for taiga.
Trees are assumed to be needle-leaved when the minimum (coldest month) monthly mean temperature (MMT) drops below Ϫ15ЊC, which generally corresponds to daily temperatures at which most temperate broadleaf trees exhibit supercooled intracellular freezing (Ϫ41ЊC to Ϫ47ЊC) as calculated by Prentice et al. (1992) and used by Lenihan and Neilson (1993) and Neilson (1995) ; see Table 2 . Within the needle-leaved zone, the relative dominance of DN vs. EN life-forms is determined by the value of a ''continentality'' index (CI), defined as the difference between the minimum and maximum MMT (Table 2) .
When the minimum MMT is Ͼ18ЊC, trees are assumed to be EB. This corresponds to an area of no seasonal frost, following Neilson (1995) .
Between the minimum MMTs of Ϫ15ЊC and 18ЊC, the relative mixture of the EN, DB, and EB life-forms is determined by both the growing season precipitation (GSP) and the minimum MMT (Table 2) . GSP is calculated as the mean monthly precipitation for the three warmest months of the year (month of warmest temperature of the year, averaged with the month before and the month after). This index was originally used by Lenihan and Neilson (1993) and Neilson (1995) to separate broadleaf forests from needleleaf forests, the latter being favored by dry summers. Above a GSP threshold of 55 mm (e.g., eastern United States), the relative mixture of life-forms is defined by the value of a ''wet'' minimum MMT index. A pure DB lifeform occurs at a minimum MMT of 1.5ЊC (Table 2) . A mixture of life-forms is linearly interpolated at minimum MMTs between 1.5ЊC and Ϫ15ЊC (EN-DB mix) and between 1.5ЊC and 18ЊC (DB-EB mix); (see Table  2 ). When the GSP is Ͻ55 mm (e.g, western United States), there is no transition through DB life-forms and the relative mixture of the EN and EB life-forms is interpolated along a ''dry'' minimum MMT gradient (Table 2) . When the GSP falls between 50 and 55 mm, a linearly interpolated mixture of both wet and dry lifeform gradients is calculated. The relative composition of C 3 and C 4 grasses is simulated using functions from CENTURY, which simulate the potential production of pure C 3 and pure C 4 grass stands from July soil temperature. Soil temperature is estimated from a running average of daily air temperatures interpolated from the monthly temperature values. The ratio of C 3 potential production to the sum of C 3 and C 4 potential production (calculated independently of each other) for the site is used to determine the relative dominance of C 3 grasses (Table 2) .
Vegetation classification rule base.-MC1 uses a rule-based approach to simulate the distribution of 17 different vegetation classes defined by the VEMAP project (VEMAP members 1995). Thresholds of maximum monthly tree and grass LAI (leaf area index) are used to distinguish forest, savanna, shrubland, and grassland classes. LAI is calculated from leaf carbon in the biogeochemistry module using the standard CENTURY equations. Vegetation is considered forest at tree LAI Ն3.75 and savanna at tree LAI of 2-3.75. At tree LAI of 1-2, vegetation is classed as shrubland if grass LAI Ͻ 1 and as grassland if grass LAI Ͼ 1 (Fig. 1) . Vegetation is considered grassland if tree LAI Ͻ 1. Shrubs are not explicitly simulated, but are considered short-statured trees.
Once the vegetation has been assigned an LAI-based class, specific classes are determined by the life-form mixes calculated by the life-form interpreter and other rules. For example, a savanna with an EN life-form is classed as a temperate coniferous savanna (TCS) (Fig.  1) . A CI threshold of 15 is used to distinguish maritime temperate coniferous forest (MTCF) from continental temperate coniferous forest (CTCF), when the life-form mix is EN, DN, or EN-DN mix and the minimum MMT Ն16ЊC (Fig. 1) . A minimum MMT Ͻ16ЊC puts the forest into the boreal coniferous forest (BCF) class.
The percentage of C 3 grasses determines several vegetation classes. Within the shrubland LAI class, the vegetation is classed as temperate arid shrubland (TAS) if the relative composition of C 3 grasses is Ͼ55%. A relative C 3 composition of 33-55% is classed as temperate conifer xeromorphic woodland (TCXW), and a C 3 composition of Ͻ33% becomes subtropical arid shrubland (SAS). Within the grassland LAI class, a relative composition of C 3 grasses Ͼ55% is classed as C 3 grasslands (C 3 G) and Յ55% is classed as C 4 grasslands (C 4 G).
Biogeochemistry
The biogeochemistry module, consisting of a modified version of CENTURY (Parton et al. 1987) , simulates monthly carbon and nutrient dynamics for a combined grass-tree ecosystem. The model includes live shoots (leaves, branches, stems) and roots (fine and coarse), and standing dead material (Fig. 2) . It includes perhaps the most detailed representation of soil processes among current biogeochemistry models and has been tested extensively across the globe for terrestrial systems (Parton et al. 1994 ). Modifications to CEN-TURY for use in MC1 include a Beer's Law tree-grass shading algorithm, changes to tree and grass vertical root distributions, and the generalization of input parameter sets.
Net primary production.-Forest and grass production are functions of a maximum potential rate modified by scalars representing the effect of soil temperature and of soil moisture on growth. For forests, total production P t is calculated as:
where P tg is gross tree production (input parameter); k t and k m are coefficients that represent the effect of soil temperature and moisture, respectively, on growth; and k l is a coefficient that relates aboveground wood production to leaf area index. For grasses, total production P g is calculated as
where P gg is gross grass production (input parameter); k b is a coefficient that represents the effect of the live/ dead biomass ratio on growth, and k s is a coefficient that represents the effect of shading by trees. We have replaced CENTURY's original light competition function by the Beer's Law formulation (Jarvis and Leverenz 1983) . The production coefficient for soil moisture k m is defined as (Table 2 ) are used to determine the life-form associated with each LAI range. Below a tree LAI of 1, the vegetation is restricted to grasslands. Abbreviations: T min , minimum mean monthly temperature (MMT); CI, continentality index (difference between the minimum and maximum MMT); E, evergreen; D, deciduous; N, needleleaf; B, broadleaf; LAI, leaf area index; %C 3 ϭ relative dominance of C 3 grasses. C 4 G, C 4 grasslands; C 3 G, C 3 grasslands; TCXW, temperate conifer xeromorphic woodland; SAS, subtropical arid shrubland; TAS, temperate arid shrubland; CTMF, cool temperate mixed forest; TDF, temperate deciduous forest; WTSMF, warm temperate subtropical mixed forest; TEF, tropical evergreen forest; BCF, boreal coniferous forest; MTCF, maritime coniferous forest; CTCF, continental temperate coniferous forest; TCS, temperate conifer savanna; TSDS, temperate subtropical deciduous savanna; WTSMS, warm temperate subtropical mixed savanna; TMXW, temperate mixed xeromorphic woodland; TTW, tropical thorn woodland.
is monthly precipitation; and PET is potential evapotranspiration.
The number of soil layers that are assumed to contain the water necessary for plant growth (nlaypg) varies between vegetation types (Fig. 3) . The total number of soil layers (nlayer) varies as a function of soil depth and is one of the site-specific model inputs. Available soil water is accumulated in the surface soil layers (nlaypg) for grasses and in the entire soil profile (nlayer) for trees (Fig. 3) . The difference in available soil water between grasses and trees corresponds to deep soil water reserves assumed to be accessible only to deep tree roots. This is a modification of the CENTURY configuration, which limited tree water access to the surface soil layers only. In this study, the sensitivity of the model to a change in the accessibility of soil moisture was tested by varying the soil layers available to trees and grasses for water uptake.
Decomposition.-Shoot and root maximum death rates, specific to life-form, are modified by functions of available soil water in the entire profile and the plant root zone, respectively. During senescence, shoot death rate is a fixed fraction of live biomass. Standing dead material is transferred to surface litter at a fall rate specific to life-form. The structural fraction of surface litter and that of belowground litter are further separated into lignin and non-lignin (cellulose, nitrogenrich compounds) compartments (Fig. 2) . Lignin-rich compounds are decomposed directly into the slow organic matter pool, whereas cellulose-rich compounds migrate through the surface or soil microbe (active soil organic matter pool) compartments first. Soil organic FIG. 2 . Schematic of the biogeochemistry module for a woody life-form (adapted from Gilmanov et al. [1997] ). Potential plant production is calculated for each life-form as a function of temperature, soil water, and nitrogen availability. Live biomass includes leaves, branches (fine and trunk), and roots (fine and coarse). Grasses are only represented by leaf and root carbon pools. Above-and belowground plant parts senesce as a function of time, drought, and cold stress. Dead leaves and branches accumulate in a surface litter pool, where they are transformed into more slowly decomposing organic carbon. Dead roots accumulate in a belowground litter pool that constitutes the active soil organic matter pool. Decomposition transforms active soil carbon into slow and, finally, passive carbon material. The various soil organic matter pools differ by their turnover times. matter is divided into three major components: active, slow, and passive (Fig. 2) .
Hydrology.-PET is calculated as a function of average monthly maximum and minimum temperatures using the equations of Linacre (1977) . Bare-soil water evaporation and interception by the canopy are functions of aboveground biomass, rainfall, and PET. Surface runoff is calculated as 55% of the monthly rainfall when rainfall exceeds 50 mm, and zero when rainfall falls below 50 mm. This rainfall/runoff relationship is based on modeling and empirical analyses in Queensland, Australia (Probert et al. 1995) .
Canopy interception, bare-soil water evaporation, and surface runoff are subtracted from monthly precipitation and snowmelt before they are added to the top soil layer. Water is then distributed to the different layers by draining water above field capacity from the top layer to the next layer (Fig. 3) . Unsaturated flow is not simulated. Soil layers are 0.15 m thick to a depth of 0.6 m and 0.30 m thick below it. The number of soil layers does not exceed 10. Field capacity and wilting point for the different soil layers are calculated as a function of bulk density, soil texture (inputs to the model), and organic matter content, using Gupta and Larson's (1979) equations. Storm flow is calculated as 60% of the water content of the last soil layer. Water leached below this soil layer is accumulated and lost to base flow.
Transpiration is calculated last as a function of live leaf biomass, rainfall, and PET. The sum of water losses (evaporation, interception, transpiration) does not exceed the PET rate.
Competition for resources.-Grasses and trees compete for light, water, and nitrogen. We have not let soil available N become a growth-limiting factor in this modeling exercise, because no soil N data were available for initializing and calibrating the model. When tree biomass becomes large because of the abundance of soil available water (for example, a high rainfall period with low evaporation potential) and no nitrogen limitation, the model reduces grass growth, assuming a shading effect that represents the competition for light between the tree canopy and the grass understory. In the hydrology submodel, the amount of water transpired by plants is calculated as a function of the total plant biomass. There is no life-form-specific calculation of transpiration. Thus, competition for water between trees and grasses occurs through the indirect effect of soil water content on productivity. The production modifier increases for a given life-form if deep soil water resources are available and if the roots of that life-form are present at depth. If deep soil water resources are not available or both life-forms are shallowly rooted, the growth modifier of both life-forms is identical and proportional to the soil water content. In this modeling exercise, the allocation of the deep water resources between life-forms was simply switched to see how production would be affected.
Generalization of input parameters.-CENTURY was designed primarily for site-specific application to individual ecosystems. It uses a parameter set that contains values of tree and grass maximum potential production, temperature growth limits, C/N ratios, leaf turnover rate, soil nutrient concentrations, and related parameters. The parameter set is selected based on an externally supplied ecosystem type, such as a VEMAP vegetation class (VEMAP members 1995). In MC1, however, the ecosystem type may change over time in response to climatic and successional factors. Early applications of MC1 with temporally varying ecosystem types and, hence, temporally varying parameter sets, produced unacceptable discontinuities in predicted carbon pools when the ecosystem type changed. Therefore, a method was developed to reduce the number of parameter sets and to smoothly transition from one set to another.
As discussed previously, the biogeography module calculates climatic indices that describe the life-form composition of an ecosystem as mixtures of deciduous needleleaf (DN), evergreen needleleaf (EN), deciduous broadleaf (DB), and evergreen broadleaf (EB) trees, and C 3 and C 4 grasses. Parameter values appropriate for pure stands of the four tree life-forms and the two grass life-forms were extracted from parameter files that had previously been used with CENTURY (values are listed in Appendix). Linear interpolation between these pure stand values was performed to estimate parameter values for the biogeochemistry module that were appropriate for the life-form mixture predicted by the biogeography module. Transforming CENTURY's static input structure to a smoothly varying, dynamic system resulted in more realistic and natural transitions in model simulations.
Fire
Fire occurrence, behavior, and effects are simulated by the MCFIRE model (Lenihan et al. 1998 ). The following is a brief description of the overall structure and function of MCFIRE.
Fuel moisture and loading.-Calculations of percentage moisture are made for tree leaves and fine branches, grass leaves, and four size classes of dead fuel (i.e., 1-, 10-, 100-, and 1000-h fuels). The moisture contents of the four dead-fuel classes are estimated using the time lag moisture calculations developed by Fosberg and others (Fosberg 1971 , Fosberg and Deem-ing 1971 , Fosberg et al. 1981 ). For example, a 100-h dead-fuel category corresponds to a particular size class of wood (diameter 1-3 inches; 2.5-7.6 cm) that takes 100 h to come two-thirds of the way toward equilibrium under standard conditions of ambient moisture. Live-fuel moisture is estimated from an index of plant water stress (Howard 1978) . The index is a function of the percentage soil moisture simulated by the hydrology algorithms in the biogeochemical module.
MCFIRE estimates the loading in the different fuel classes from carbon in the live and dead aboveground pools simulated by the biogeochemical module. The live grass shoot and live tree leaf pools are summed to estimate the live fine-fuel class load, and the standing dead grass shoot and aboveground grass and tree leaf litter are summed to estimate the dead 1-h fuel class load. A set of allometric equations specific to each lifeform is used to estimate average stand dimensions (i.e., height and bole diameter) from aboveground biomass. The stand dimensions are used in another set of allometric functions to allocate the woody biomass into three different structural components, i.e., fine branches, medium branches, and large branches plus boles (Stanek and State 1978, Means et al. 1994 ). These three live components, together with live biomass turnover rates and dead biomass decomposition rates from the biogeochemical module, are used to partition the two dead-wood carbon pools into the three dead-fuel classes (i.e., the 10-, 100-, and 100-h dead fuels).
Potential fire behavior and effects.-Surface and crown fire behavior are simulated in MCFIRE as a function of fuel load, fuel moisture, and stand structure. Surface fire behavior is modeled using the Rothermel (1972) fire spread equations, as implemented in the National Fire Danger Rating System (Bradshaw et al. 1983) . Crown fire initiation is simulated using van Wagner's (1993) formulation. Indices of fire behavior (e.g., fire line intensity, rate of spread, and the residence time of flaming and smoldering combustion) are used in the simulation of fire effects in terms of plant mortality and fuel consumption (described in the next section).
If a crown fire is initiated in the model, postfire mortality of aboveground live biomass is assumed to be complete. Otherwise, crown mortality is a combined effect of crown scorch and cambial kill simulated in MCFIRE. Crown scorch is a function (Peterson and Ryan 1986 ) of lethal scorch height (van Wagner 1973) and the average crown height and length as determined by the allometric functions of biomass. Cambial kill is a function of the duration of lethal heat and the bark thickness estimated from average bole diameter (Peterson and Ryan 1986). The percentage mortality of crown biomass is estimated as a function of crown scorch and cambial kill (Peterson and Ryan 1986) .
The mortality of live tree roots due to a simulated fire is estimated from the depth of lethal heating in the soil. The depth of lethal heating is modeled as a function of the duration of flaming and glowing combustion at the surface (Peterson and Ryan 1986) . The depth vs. duration relationship was derived from empirical data presented by Steward et al. (1990) .
Dead-fuel consumption by fire is modeled as functions of the moisture content of the different dead-fuel size classes (Peterson and Ryan 1986) . Emissions from fuel consumption are modeled for CO 2 , CO, CH 4 , and particulate matter as the product of the mass of fuel consumed and emission factors for the different emission gases (Keane et al. 1997) .
Fire feedbacks to biogeochemistry.-The standard version of CENTURY (Parton et al. 1987) simulates fire as a scheduled series of fires at one of three levels of intensity. The effects of different levels of fire intensity are defined by parameters that set fractions of the live and dead carbon pools consumed by fire, and fractions of nitrogen and other nutrients returned to the soil. In the initialization phase, MC1 uses the same fire schedule as standard CENTURY and uses the input parameters that define the fractions of live and dead fuel that are consumed by the scheduled fires. In transient mode, however those fractions are simulated by MCFIRE and replace the input parameters (Table 1) .
Unlike the standard version of CENTURY, MC1 also simulates live-to-dead carbon pool turnover due to postfire mortality. These equations are included in the biogeochemistry module. In the case of a simulated crown fire, it is assumed that live leaves and branches are completely consumed. Otherwise, live leaves are consumed and live branches are transferred to the appropriate dead carbon pool in proportion to the percentage mortality of the crown. The bole biomass of killed trees or shrubs and the biomass of killed roots are also transferred to dead carbon pools.
Fire occurrence.-The potential fire effects simulated by the model do not feed back to the biogeochemistry module unless MCFIRE determines that a fire has occurred in a given model grid cell. For fire to occur in the model, three different conditions must be met: (1) fuels must be exposed to extended drought, (2) fine dead fuels must be highly flammable, and (3) fire spread must reach a critical rate. Our intent is not to simulate every fire that could potentially occur on a landscape, but rather only the more extensive fires with more significant effects on the vegetation. The moisture content of the 1000-h dead-fuel class is used as an indicator of extended drought. Large, dead fuels are very slow to absorb and release moisture (Fosberg et al. 1981) , so their percentage moisture content is a good index of extended periods of either dry or wet conditions.
When the 1000-h fuel moisture drops below a calibrated drought threshold in the model, a simulated fire will occur if there is also a sufficient fine-fuel flammability and fire spread. We use a function from the Ecological Applications Vol. 10, No. 2 National Fire Danger Rating system (Bradshaw et al. 1983 ) to calculate a probability of flammability and spread. Flammability is a function of fine-fuel moisture and air temperature. The critical rate of spread is a function of the rate of spread estimated by the Rothermel algorithm and a minimum rate of spread for reportable fires (Bradshaw et al. 1983 ). We use a 50% threshold value of the National Fire Danger Rating system function to determine fire occurrence in our model. Ignition sources (e.g., lightning) are assumed to be always available in this version of the model. If a fire is triggered in a cell, the simulated fire effects are applied uniformly to the entire cell (50 ϫ 50 m resolution). Currently, there is no provision in MCFIRE for spatially explicit fire spread within and among cells. However, on coarse grids (0.5Њ of longitude and latitude or greater), only a fraction of a cell is burned.
Fire feedbacks to biogeography.-The fire module calculates changes to carbon and nutrient pools. Firecaused changes in carbon affect the LAI values that are passed to the biogeography module to help determine vegetation type. The LAI values are smoothed using the same function used for smoothing the climatic values (see Eq. 1). The occurrence of a fire resets the smoothing period to zero, which allows the biogeography rules to predict an open-canopy vegetation type for a few years after a simulated fire (Table 1) .
MC1 operation
MC1 is operated in two successive modes: equilibrium and transient. In equilibrium mode, the biogeochemistry module requires an initial vegetation class for parameterization. MAPSS (Neilson 1995 ) is run on long-term mean climate, which consists of one average year of monthly climate data (usually representing the most recent 30 yr of record). The biogeochemistry module is then run on the MAPSS vegetation class using the same mean climate, until the slow soil carbon pool reaches a steady state. This takes 200-3000 yr, depending on the ecosystem being simulated. Because the fire module cannot be run meaningfully on a mean climate, fire events are scheduled at regular intervals that vary with vegetation type. Grasslands and savannas are assigned 30-yr intervals, whereas certain forests types have fire intervals exceeding 400 yr.
In transient mode, the biogeochemistry module operates on a monthly time step for a period of years, reading the transient climate data and producing estimates of monthly carbon and nutrient pools. The fire module accesses the same climate data and the biogeochemical carbon pools to estimate fuel load and fuel moisture, and maintains a running probability of fire occurrence. If that probability exceeds a certain threshold, a fire is simulated. The fire module then calculates changes to carbon and nutrient pools, which are passed back to the biogeochemistry module for use in the following month of operation (Table 1) . Emissions from the simulated fire are also calculated. Every year, the biogeography module uses climate data and maximum monthly tree and grass LAI (derived from standing biomass data from the biogeochemistry module) that have been smoothed to reduce interannual variability. When a fire has occurred, the LAI smoothing period is reset to zero, thus allowing the vegetation classifier to simulate a period of low-cover vegetation following the fire (Table 1) . Vegetation classification is thus allowed to proceed through a series of successional stages, e.g., from grassland to savanna to forest. The appropriate life-form composition is determined each year to start the next simulation year. The life-form mixture is used by the fire module for allometric calculations, and by the biogeochemistry module to determine life-form-dependent parameter values (Table  1) .
METHODS
Study area
The study area is a 12.5-km 2 section of Wind Cave National Park (WCNP) in the Black Hills of South Dakota, USA (Fig. 4) , including 5000 grid cells (50 ϫ 50 m resolution). The implementation of MC1 at WCNP is part of a larger study to assess the impact of global change on the Central Grasslands Region at landscape to regional scales (Neilson et al. 1996) . WCNP is an excellent test site for the present project because of the diversity of plant communities and the availability of model input data sets. The topographic setting is of relatively flat upland terrain interspersed with hills and occasionally divided by stream channels. Elevations range from 1290 to 1530 m.
The WCNP landscape includes several of the Central Grassland vegetation types simulated by MC1, including temperate evergreen conifer forest and savanna at higher elevations and on north-facing slopes, C 3 and C 4 grasslands in lowland areas, and deciduous hardwoods in riparian/wetter zones. The distribution of forest and grassland communities appears to be determined by a combination of soil texture and moisture conditions, as well as fire and grazing regimes.
Input data
MC1 requires gridded maps of soil texture (i.e., percentage sand, silt, and clay), rock fraction, and depth to bedrock. It also requires a gridded, monthly climate data set of precipitation, minimum and maximum temperature, vapor pressure, wind speed, and solar radiation. Two climate data sets were prepared: (1) an historical time series ; and (2) a future climate scenario (1995-2094) based on Hadley Center GCM (General Circulation Model) predictions for the next century (Jones et al. 1997) . Methods used to develop these data sets incorporated the relationships between landform type and soil depth and texture, and the effects of elevation and topographic ex- posure on local climate. These methods are detailed in Appendix A.
Experimental design
As discussed previously, the standard rooting configuration for the MC1 biogeochemistry module is to allow trees to access water from all soil layers in the soil profile (nlayer), but to restrict grass access to only the surface soil layers (nlaypg) (Fig. 3) . This tree deep/ grass shallow (TDGS ; Table 3 ) configuration also corresponds to Walter's (1971) hypothesis of deeply rooted trees vs. shallowly rooted grasses in savannas, which is widely accepted in the literature. This scheme was modified systematically to test the sensitivity of the model to alternative water uptake configurations for all combinations of tree and grass roots being shallow or deep (Table 3) .
For each of the rooting configurations, MC1 was run in equilibrium mode using a 1961-1990 mean climate to produce steady-state carbon pools, then in transient mode on the 1895-1994 climate time series. For the climate change scenario, MC1 was run (1) in equilibrium mode as just described, then (2) in transient mode for 200 yr using two cycles of a detrended 1895-1994 climate data set to obtain a reasonable dynamic fire frequency; and finally (3) The biogeochemistry module was configured to allow a tree-grass mixture (CENTURY savanna mode), and no grazing was scheduled. N demand was always met for the purpose of this exercise and was never limited by local conditions (which were unknown because no soil N data have been collected at the site). CO 2 concentrations were kept at a constant 350 ppm for both historical and future simulations.
RESULTS
Historical climate
The first half of the 20th century was generally wetter than the second half at Wind Cave National Park (Fig.  5) . Because water was readily available for growth, simulated tree biomass was high (up to 3000 g C m Ϫ2 ) from 1894 until 1936, when a large simulated fire during the 1930s drought consumed most of the woody biomass (Fig. 6a ). Temperatures were above average from 1930 to 1940 (Fig. 5) , which caused a drying of fuels and resulted in three fires in rapid succession (1931, 1936, and 1939) . Trees never recovered after the 1930s, because the simulated fire frequency increased, with five large fires in the next 40 yr (1954, 1960, 1966, 1974, and 1985) , mainly as a consequence of fuel load increases in the form of grass biomass (Fig.  6a) Historical (1895 Historical ( -1994 and estimated future annual average temperature and total annual average precipitation over the study area in the northwest corner of Wind Cave National Park, South Dakota, USA. For these graphs, temperature and rainfall were averaged for the 5000 grid cells included in the study area. → FIG. 6. (a) Simulated total tree and grass biomass (g C/m 2 ) over our study area. Five thousand grid cells were averaged for each year between 1895 and 1994. The date and the extent (number of grid cells that sustained a fire) of simulated natural fires are also presented. Trees were assumed to be deeply rooted, whereas grasses were shallowly rooted (TDGS). Simulated relative differences between tree and grass biomass are given for three root configurations other than the standard TDGS root configuration: (b) TSGS; (c) TDGD; and (d) TSGD. The relative difference was calculated as: ([(TxGy biomass Ϫ TDGS biomass]/TDGS biomass). Also presented is the absolute difference in the number of grid cells that sustained a fire between each rooting configuration and TDGS. Negative solid bars correspond to missing fires (which existed with the TDGS configuration); positive solid bars correspond to new fires (which did not exist with the TDGS configuration).
biomass was increasing (ϳ1000 g C/m Ϫ2 ) and the fire consumption was large, even though the number of grid cells affected by the fire was not as large as in later fires (Fig. 6a) .
When trees are deeply rooted (TDGS and TDGD, Table 4 ), simulated tree NPP and biomass are greater and grass NPP and biomass are lower than when they are shallowly rooted (TSGS and TSGD, Table 4 ). Because tree leaf biomass in the deeply rooted tree scenarios is at least twice as large as in the shallowly rooted tree scenarios, the difference in grass growth can be explained, in part, by the shading effect of trees over grasses (see Discussion). Grass biomass is greatest when trees are shallowly rooted and grasses are deeply rooted (Fig. 6d) . Tree biomass is reduced by Ͼ60% when trees are shallowly rooted (Fig. 6b, d) .
Soil carbon pools are smaller when grasses are shallowly rooted (TDGS and TSGS, Table 4 ) than when they are deeply rooted. When grasses are deeply rooted, their root biomass increases by ϳ30% (Table 4) . This large C pool and its turnover contribute to the greater size of the soil C pool.
Fire return intervals are longer for deeply rooted tree configurations because grass biomass is lower and, thus, the fuel load is reduced. Similarly, when grass biomass is lower in shallowly rooted grass scenarios (TDGS and TSGS), the fire return intervals are greater (Table 4) . The frequency and the number of grid cells that experience fire are greater when trees are shallowly rooted (Fig. 6b, d ), in comparison to the TDGS configuration. Simulated C releases from fires vary from 46 to 53 g C·m Ϫ2 ·yr Ϫ1 across all root configurations (Table 4) . This is in good agreement with Mack et al. (1996) , who estimated mean annual carbon emissions by vegetation fires for the northern United States at ϳ50 g C·m Ϫ2 ·y
Ϫ1
.
Climate change scenario
The 1995-2094 scenario for climate change shows a slight increase in precipitation and a large increase in temperature (Fig. 5) . Interdecadal changes in plant biomass are very similar to those obtained using the historical climate (not shown here); tree biomass is high until the mid-2030s, then drops precipitously due to drought-induced fire; grass increases in response to the lowered tree biomass. This similarity in behavior is due to the use of 1895-1994 climate as the basis for the climate change scenario (see Appendix A for details). Overall, future tree biomass is lower compared to 1895-1994, whereas grass biomass is generally higher, especially in the early part of the century (Fig. 7 , Table 5 ). The exception is the TSGD configuration, in which grass biomass is slightly lower than for the same configuration during historical period (Fig. 7d) . Because NPP and biomass increase for grasses (except for TSGD) and decrease for trees in comparison to the historical climate results, the fire return interval decreases (Fig. 7) . Total soil organic matter decreases in the future scenario (Table 5) .
Differences in results due to the climate change scenario are small compared to those caused by the various rooting configurations (Table 5 ). The ranges in NPP, biomass, and other ecosystem properties across the four rooting configurations are typically several times those of the differences in mean values between the historical and future scenario. However, differences between early-and late-century results are quite large, sometimes approaching the magnitude of the ranges across rooting configurations (Table 5) .
Maps of WCNP observed vegetation distribution, MC1 simulated vegetation (TDGS) with historical climate data, and MC1 simulated vegetation (TDGS) with the climate change scenario are shown in Fig. 8 . The maps correspond to the state of the vegetation one year following a large fire event. Vegetation types were pooled together into three categories: forest, savannas, and grasslands, to simplify visualization. MC1 overestimated the extent of forested area. However, the spatial arrangement of vegetation types remains consistent with the observed pattern. The large patch of savanna in the northwest corner of the study site corresponds to an area that was not burned the previous year. MC1 predicts a decrease in the extent of forests with the climate change scenario in comparison to the historical climate, but it also predicts a large decrease in the extent of savannas. Changes in vegetation types are dynamic due to the occurrence of fire events and, thus, are difficult to display. Results shown here represent only a snapshot of the period studied. 1975-1984 for historical and 2075-2084 for HadS. For these 10-yr periods, the reported means were calculated by averaging values over all 5000 pixels for each rooting-depth configuration and then averaging these means. Reported ranges represent the range of 5000-pixel means over the four rooting depth configurations. Biomass and production values are divided by lifeform into trees (T) and grasses (G). 
DISCUSSION
Competition for resources
Results show that the model is clearly sensitive to the allocation of deep water resources. When trees are deeply rooted, fire is the only factor that will allow grasses to grow. Without fire, trees become the dominant life-form. The allocation of deep water to trees gives them a competitive advantage over grasses. This simple representation of belowground resource competition contradicts Walter's (1971) hypothesis that trees and grasses coexist because they do not access the same water sources. In this case, because tree potential production is greater than that of the grasses, and given a nonlimiting source of nitrogen, trees develop aboveground biomass faster than do grasses and reduce their development by shading them. Mordelet and Menaut (1995) documented that light interception is the most important factor in reducing grass growth under trees, despite soil enrichment by tree litter. In results not shown here, we tested the model for a limited nitrogen source and the trees still managed to outcompete grasses. Not only do trees gain an advantage by accessing deep water reserves, but also N uptake for each life-form is simulated as a function of their net primary production. By having access to deep soil water, trees reduce the water constraint on their production and can thus outgrow grasses.
This result supports Daubenmire's (1968) statement that fire has always been used to ''maintain grass dominance in environments where, in its absence, woody vegetation would overwhelm grass.'' A look at the simulated historical trace of tree and grass biomass (Fig.  6a) shows that trees clearly dominate over grasses in the first part of the century, when precipitation is abundant. However, drought conditions are a cause of death for the trees. Canopy opening reduces the simulated shading effect and contributes to a significant increase in grass biomass. More frequent fires are keeping the tree biomass under check in the latter part of the century, when grass biomass and, thus, fuel load, remain high. When fire is prevented in the model, trees dominate the entire period of record (data not shown here). In reality, wildfire suppression occurred in 1898 at Wind Cave National Park and pine encroachment in the forest-grassland ecotone was reported by the locals (Gartner and Thompson 1972) . The park management had to start a prescribed fire program to limit forest expansion and maintain the grazing range for native herbivores.
When trees are simulated as being shallowly rooted, their competitive advantage disappears and grass biomass increases significantly. Without deep soil water, tree production and biomass are reduced, thus allowing for greater grass growth. Only when both life-forms share the same water resource is tree growth reduced enough to allow grasses to grow. This is supported by Ehleringer et al. (1991) and Le Roux et al. (1995) , who observed the overlap of tree and grass vertical root distributions and their sharing of the same water source. Le Roux et al. (1995) also reported that savanna trees competed with herbaceous species more intensively at wetter sites and that disturbance was the most important factor preventing the trees from outcompeting the grasses in those wet environments. Ehleringer et al. (1991) came to the conclusion that if the climate were to become drier, especially during the summer, herbaceous vegetation would be a more successful competitor.
Any single-factor hypothesis of savanna structure for WCNP is likely to be incomplete. Climate sets the stage with low and variable rainfall and relatively high water demand. Different rooting depths allow competition where roots overlap (e.g., humid savannas), but also foster coexistence due to some niche separation (e.g., drier savannas). Feedbacks exist whereby water uptake by deep roots helps to produce more tree leaf area, thus shading grasses and further enhancing tree competition for water in surface layers. With climate variation, rainfall may not reach deep layers in dry years, hindering trees and favoring grasses. Fires fueled by high grass biomass will further diminish the trees and favor grass growth. Clearly, our model addresses some of these issues and constitutes a useful tool to provisionally test the various hypotheses that explain the coexistence of trees and grasses.
Model sensitivity and limitations
MC1 is still being modified and is a work in progress. Future enhancements will include a modification of the hydrology submodel. In this study, production of the various life-forms simulated by MC1 varied greatly with availability of deep soil water (Table 4) . Consequently, we would like to more accurately simulate the transport of water down the soil profile. In the original CENTURY version, unsaturated flow was not included in the water balance. We intend to introduce this flow into the next version of the model, using equations from MAPSS (Neilson 1995) . Similarly, we intend to add the MAPSS equations used to calculate runoff as a function of soil saturation. (Validating simulated runoff and base flow is problematic at Wind Cave National Park because an unknown amount of water is lost through underground caverns and thus escapes conventional streamflow measurement.) We also plan to calculate separately the amount of water transpired by each life-form to better simulate the competition between grasses and trees. A water availability scalar specific to life-form will then be carried over to modify potential production. The current configuration allows changes only to the allocation of deep water between trees and grasses. In certain sites, the number of upper soil layers, which is determined by the vegetation type, is identical to the total number of soil layers at that site, and thus does not allow for the existence of deep soil water reserves. Several equations that would more clearly represent belowground competition of the lifeforms are being tested.
In equilibrium mode, the standard CENTURY fire schedule is used and biomass reductions occur at regular intervals in the development of the various ecosystems. For example, in many forest ecosystems, standard CENTURY assumes that a fire occurs every 200 yr. The 200-yr periods of regrowth allow the systems to slowly build up their carbon and nutrient pools and attain the same vegetation type that existed before the occurrence of the fire. The dynamic fire model that we use in transient mode affects vegetation dynamics more dramatically. In transient mode, if the climate of the particular site where the forest exists is sufficiently moist, trees will develop a closed canopy and will prevent the development of grasses. Even in the event of Ecological Applications Vol. 10, No. 2 a drought, the fine-fuel load (amount of dead grasses) may not be sufficient to trigger a fire in this older forest. Therefore, it is difficult to dynamically simulate succession from closed-canopy forest to grassland. In this situation, prescribed fire is relied upon to simulate not only tree mortality due to disturbance, but also noncatastrophic dieback of the woody vegetation.
In general, the model is very sensitive to changes in the values of CENTURY parameters that were originally chosen from representative stands across the United States (Bill Pulliam, personal communication) . Production levels vary greatly between deciduous forests and evergreen forests, and the standard CENTURY parameters associated with deciduous trees make them poor competitors compared to evergreen trees (Appendix 2, Table 2 .1). For example, deciduous klai, which relates LAI to large wood biomass, is only half of that of the evergreen klai. In addition, all deciduous leaf biomass drops each year, and therefore does not have the potential to build up a dense, grass-shading canopy as quickly as does evergreen leaf biomass. In the lifeform interpreter, the choice between eastern deciduous forests and western evergreen forests is based on a threshold GSP. The GSP gradient is steep across the Great Plains, and Wind Cave National Park is located near the threshold GSP. For these simulations, we adjusted the GSP threshold to produce the mainly evergreen vegetation occurring there. Regional validation exercises are planned to further refine the location and sensitivity of the GSP threshold across the Great Plains in the context of VEMAP, (the Vegetation-Ecosystem Modeling and Analysis Project) (VEMAP members 1995).
The climatic data and maximum tree and grass LAIs are smoothed before they are used by the life-form interpreter to reduce interannual variability in life-form changes and to reflect the lags inherent to plant population dynamics. The maximum period over which smoothing can occur is currently 10 years. A maximum smoothing period of 50 years was used initially, but was found to give too much inertia to the system and did not reflect the profound effects of fire disturbance and the advent of new vegetation types. However, more sensitivity analyses are necessary to determine if 10 years indeed corresponds to the ideal maximum smoothing period for a variety of vegetation types.
Grazing, which is available in MC1, but was not examined in this paper, would tend to reduce grasses and their roles as fire promoters and water competitors. The simulated drop in tree biomass during the Dust Bowl period of the 1930s (Fig. 6a) assumed an ungrazed landscape, but in actuality, heavy grazing was occurring in the area. Grazing may have removed enough grass biomass to significantly reduce the occurrence and intensity of fires, allowing the continued dominance of trees over grasses. On the other hand, grazers can reduce tree density by feeding on tree seedlings, but few data exist on the impact of grazers on tree development. MC1 applications are now being performed at WCNP to study the interactions of climate change and variability with management influences such as grazing and prescribed fire.
Due to a lack of soil nitrogen data, we did not allow the model to simulate nitrogen limitations. Moreover, rates of nitrogen fixation and deposition (input parameters) are poorly known. This clearly biased the results. We are now testing the model with various levels of soil nitrogen and are calculating the impacts of the initial size of the soil nitrogen pool on vegetation dynamics.
Future climate
The climate change scenario examined in this paper produced a number of complex ecosystem responses on the WCNP landscape. The warmer, but only slightly wetter, than historical scenario produced a general reduction in tree biomass, an increase in grass biomass, a reduction in soil organic carbon, and more frequent but smaller fires. The distributions of both closed forests and open savannas were substantially reduced and the extent of grasslands increased. These combined changes would produce a net release of carbon from the landscape to the atmosphere. The biogeographic shifts would alter wildlife habitat availability and biodiversity within the landscape.
Changes in the size of biogeochemical pools produced by the climate scenario were overwhelmed by the range of response across the four rooting configurations, indicating that MC1 is highly sensitive to the specification of belowground processes. Belowground data suitable for calibration and validation of existing models are typically limited. Fortunately, recently published results (Stone and Kalisz 1991 , Vogt et al. 1996 are beginning to provide enough baseline information to build large-scale dynamic vegetation models with a more accurate description of belowground biomass. These models can then be used to address such issues as the role of deep roots in carbon sequestration. Deep roots are a potentially significant carbon source to soil organic matter pools and deep carbon pools could be an important factor in the missing carbon sink Jackson 2000, Trumbore 2000) . The impact of climate change on carbon allocation to the roots and on belowground resource availability needs to be seriously examined, with models being used as tools to expand on preliminary laboratory or field results and to test new hypotheses.
The drought of the 1930s lasted about seven years; in its worst year, almost 70% of the United States experienced severe or extreme drought conditions. The drought of the 1950s lasted five years and covered much of southern and central Great Plains. Were these droughts part of a naturally varying climate and will they continue to occur on a periodic basis, or are they exceptional events? Instrumental records are too short to answer such questions. However, paleoclimatic records show that similar events have occurred periodically since the 1300s and generally have lasted Ͻ10 years (David Rind, personal communication). As concentrations of greenhouse gases continue to increase in the atmosphere, precipitation, derived primarily from ocean surface evaporation, is not expected to increase as rapidly as evaporation from land, because oceans should warm more slowly than the land surface. Therefore, increased drought frequencies and intensities are anticipated in a future warmer world. Ehleringer et al. (1991) support the hypothesis that if summer rainfall decreases in the southwestern deserts of North America, herbaceous perennials, which have a competitive advantage over woody perennials (except for phreatophytes like mesquite) in using summer precipitation, could outcompete them in a warmer world. In our simulation, the decrease in precipitation in the second part of our century favored the growth of grasses. This tendency is similar to the one that we simulated for the 21st century using the Hadley Center scenario. Thus, our simulations would agree with the Ehleringer et al. (1991) suggestion that the future might see more abundant grasslands in the arid lands of North America. This should bear important consequence with regard to the management of National Parks such as Wind Cave, which is situated at the ecotone between grasslands and forests.
